Mar-08-2006 05:43pm Frcra-ALSTON AND BIRD 



4048817777 



T-215 P. 01 7/049 F-034 



(19) 




Europalsches Patentamt 
European Patent Office 
Office europeen des brevets 




(12) 



(id EP1 123 753 A2 

EUROPEAN PATENT APPLICATION 



(43) Date ol publication: 

16-0B.2O01 Bu llertln 200V33 

(21) Appticaiori number 0012644S.B 

(22) Date of fifing; 06.12.2000 



(51) intci* B05D ShZ. HOI B 3/12 

// C08F292/Q0. H01 L21/31 6 

BEST AVAILABLE COPY 



(84) Designated Contracting States: 

AT BE CH CY DEDK ES FI FR QB GR IE IT LI LU 
MC NLPTSETR 
Designated Extension States; 
AL IT LV MK RO SI 



(30) Priority: 



07.12.1999 US 455999 

03.03.2000 US 518955 
13.11.2000 US 711573 



(71) Applicants: 

• AIR PRODUCTS AND CHEMICALS, INC. 
Allentown, PA 18195-1501 (US) 

• Applied Materials, hie 

San Francisco, CA 95054-3 (US) 

(72) Inventor*: 

• MacDougaN, James Edward 
New Tripoli. PA 18C66 (US) 



» Holer, Kevin R- 
Iteeungle, PA 1S062 (US) 

• Weigsl, Scott Jeffrey 
Allentown, PA 1B104 (US) 

• Wediman, Timothy W. 
Sunnyvake.CA 96066 (US) 

• Deities, Alexandres T. 
Fremont, CA 94538 (US) 

.• Bekieris, Nlkolaos 

San Jose, CA 95129 [US) 
» |_u, Yunfeng 

Sen Jose, CA 951 17 (US) 

• Manda I, Robert Parkas h 
Saratoga, CA 95070 (US) 

• Nault, Michael P. 

San Jose, CA 95120 (US) 

(74) Representative: Schwab* - Sandmalr - Marx 
Stuntzstrasse 16 
81677 MOnehcn (DE) 



(54) Mesoporous ceramic films having reduced dielectric constants 



(57) A process provides a ceramic film, such as a 
mesoporous silica film, on a substrate, such as a silicon 
wafer. The process Inel udes preparing a film-forming flu- 
id containing i ceramic precursor, a catalyst, a sur- 
factant and a solvent, depositing the film-forming fluid 



on the substrate, and removing the sorVentfrom the film- 
forming fluid on the substrate to produce the ceramic 
film on the substrate. The ceramic film has a dielectric 
constant below 2.3, a halide content ol lass than 1 ppm 
and a metal content of less than 500 ppm, mating it use- 
ful for currant and future microelectronics applications. 
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Description 

CROSS-REI ERENCE TO RELATED APPLICATIONS • 

s [0001] This is a continuation-in-part of US Patent Application SJM, 09/51 B.955 filed 3 March 2000. which is a cOh- 
tinuation-in^rt of US Patent Application S.N. 09/455,999 filed 7 December 1999. 

STATEMEN1 REGARDING FEDERALLY SPONSORED RESEARCH OR DEVELOPMENT 
10 [O002] Nol applicable. 

BACKGROUND OF THE INVENTION 



IB 



mow] Thir- invention relates to films having reduced dielectric constants, and more particularly to a process for 
producing mesoporous ceramic films having increased porosity, reduced halide content and reduced metal content. 
[0004) There is a need in the electronics industry to prepare integrated circuits with increased feature density, in 
order to do tins effectively, metal wiring In the devices must be placed closer together. As the feature stee decreases, 
insulating maierials with more Insulating ability are required. Currently, devices at 0.18 micron line width use materials 
based on der.^e silica, or partially nuorineied derivatives thereof. Typical dleleciric constants Tor Iheso matenals range 
20 between about 4.2 and 3.6, wherein the dielectric constant is a relative scale In which a vacuum Is defined as having 
a dielectric constant of about 1. As the line width In the devices decreases to 0.13 micron* and below, signlfican 
decreases in ina dielectric constant of the interiaycr dielectric material will be required. Current estimates suggest that 
dielectric constants in the range of 2.2 or leas wEJi be required. To accomplish this goal, various classes of matenals 
arc currently »mdor investigation. Those include both organic polymers and porous oxide matonafe, 
ss mooSl One potential route to reducing the dielectric constant is to develop voids within the material. In the case of 
silica-based ...ateriete, there ere several ways to accomplish this. It is Known that aerogels and xerogeis have very 
high porosity, .*nd subsequent* dielectric constants as low as 1 .1 or less. Several drawbacks have been found to this 
approach. Fii*t, the materials are not mechanically robust, and have difficulty surviving the integration process em- 
ployed in chip manufacturing. Also, the porosity b mad© up of a broad distribution of pores sizes. This causes problems 
50 in etching anu aenieving a uniform sidewail barrier coating. 

[0006] Anoiiier possible dass of porous silica materials is zeolites. Methods are known to prepare thin films Of zeo- 
lites but the relatively Jow porosity prevents them from achieving dielectric constants Of 2.3 or lass. A porosity of more 
than' 55% is r* r lulred to achieve the dielectric constants in a Si02 material of interest, according to the Maxwell equation 
(the MaxweN equation Is described in Kingery et al, Introduction to Ceramics, p. 94a (John Wiley & Sons, Inc. 1070)). 
35 [0D07J With these criteria in mind, some have proposed employing ordered mesoporous silica materials to prepare 
low dielectric < onstant films. Preparation of thin film materials is a requirement of this technology. It b currently known 
that preparation of mesoporous films can be accomplished via a sol gel route. Several examples are described in U. 
S. Patents Nok . 5,e5B,457to Brinker etal. and 5,645,891 to Uu et al., and WO 99/37705. These examples demonstrate 
that it is possible to prepare mesoporous silica films. 
aq [0008] However, both the Brinker et al. and Liu et al. patents fall in several aspects Identified by the present tnventors 
as being critic.,! to forming films acceptable for use in electronics applications. Neither patent teaches the use of rea- 
genis acceptable for use in the electronics industry. Both recite the use of a cationic, quaternary arnmonlum surfactant 
which Is requh cd to template the ordered pore structure of this class of materia*. Such surfactants have halide counter 
Ions which are i :orrosive to the metals and some barrier materials used In the preparation of Integrated circuits. Althoug h 
« Liu et al. teachus performing Ion exchange to remove the halide, It Is not clearirom Uu et al. how much, If any. of the 
nallde remalnh within the film after Ion exchange. Moreover, the ton exchange step Increases the complexity and ex- 
pense of the method. 

[0009} Anotl »er problem with the prior art is the use of HCI as the acid catalyst for the sot gel reaction to form sflca 
from a silica p-scursor such as tetraethylorthoslUcaia. Halldes are, as mentioned above, corrosive to the metals and 
so barriers used ii i these applications. 

[0010] In addition to teaching the use of cationic surfactants to template the ordered pore structure of mesoporous 
films, U.S. Paicnl No. 5,858,457 to Brinker ct aJ. also tcachos the use of nonionks surfactants for the same purpose. 
However, Brinkoret al. does not appreciate the advantages of using nonhanic surfactants ratherthan cationic or anionic 
surfactants. 

99 [0011] All relorences cited heroin are Incorporated herein by reference in their entireties. 
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BRIEF SUMMARY OF THE INVENTION 

[0012] The invention provides a process for producing a ceramic film having a dielectric constant below 2.3, a halide 
content of tew than 1 ppm and a contaminant metal content of less than 1 ppm. 
5 [0013] The mvantion also encompasses ceramic films having a dielectric constant below a halide content ol less 
than 1 ppm &nd a contaminant metal content of less than 1 ppm. 

BRIEF DESCRIPTION OF SEVERAL VIEWS OF THE DRAWINGS 

to [0014] The invention will be described in conjunction with the following drawings in which like reference numerals 
designate Nki- elements and wherein: 

Fig. 1 is .i three-dimensional graph of porosity versus surfactant versus functional group; 
Fig, 2 is ii graph of pore size distribution of the mesoporous silica film of Example 2; 

Fig. 3 is ;i graph showing grazing incidence x-ray reflectivity (GIXR) data for a mesoporous elite film prepared 



15 



SO 



accordion to Example 2; and 
Fig. 4 is >i graph showing GIXR data for a mesoporous silica film prepared according to Example 14, 

DETAlLED£)LSCRIPTION OF THE INVENTION 



[0015] Films according to the invention can be provided by the following preferred process, wherein a spinning so- 
lution containing a ceramic precursor (e.g., a silica precursor) Is applied to a substrate and spun Oh a spin processor. 
[0016] Although silica 'rs the most preferred ceramic film, the invention contemplates the use of other ceramics. As 
used heroin, mo term ceramic refers to complex compounds and solid solutions of both metallic end nonmetallic elc- 
23 merits joined by bnle and covalont bonds. Most often, ceramic materials are a combination of inorgan Ic elements. 
Occasionally, ceramic materials may contain carbon . Examples of ceramic materials include but are not limited to metal 
oxides, compounds of metal oxides, metal carbides, and nitrides, and carbonates. More specfficelly. for example, ce- 
ramic material* include but are not limited to silica, titania, elumlna, titanium silicate, titanium carbide, aluminum nitride, 
silicon carbidn and silicon nitride. Ceramic materials may be found naturally in animal shells, bones, and teeth or may 
so be found m porcelain or other man made products. 

[0017] The spinning solution from which the film is formed Is preferably provided by the following two^tep process. 
In the first stop, a stock solution of partiafly hydrolyied silica Is provided. This is preferably accomplished by reacting 
a silica precursor (such as, e.g., tetraethylorthosnicate), an alcohol (such as, e.g., ethanet), water and an acid catalyst. 
The resulting :rtock solution is aged for a period of time (preferably aoout 60-150 minutes, mope preferably about 90 
35 minutes) at elevated temperature (preferably about 40-70°C, more preferably about fiQ*C) f and is then used In the 
second step. 

[001 8] In thi : second step for preparing the spinning solution, a portion of this stock solution is diluted with additional 
alcohol (l.e„ an alcohol diluent, which Is not necessarily the same as the alcohol used In the first step), a monofunc- 
ttonafced aJxtxysllane can be added, along with more acid catalyst, water, and the surfactant. The surfactant functions 

4> as the pore former In the mixture. 

[001 9) Sultauka ceramic precursors for use In the spinning solution providing process Include, e,g ., tetraethoxysllane 
(TEOS), tetraniethoxysaane (TMOS), titanium (IV) isopropoxide, titanium (IV) methoxide and elumlnum sec-butoxfde. 
[0020] Sultanie aiconois for use In the first step of the spinning solution providing process include, e.g., ethanol, 
methanol, propanol (e.g., Isopropanol), Isobutanol and n-fcutanol. 

*s [0021] Suitable alcohol diluents Tor use In the second step of tne spinning solution providing process Include, e.g., 
ethanol, methanol, propanol (e.g., Isopropanol), Isobutanol and n-butanoi 

[0022] The ndd catalyst used in the spinning solution providing process Is preferably an organic acid. Specific ex- 
amples of acio catalysts include, e.g., acetic add, oxalic acid and formic acid. 

[0023] SuitaMe functionali*ed elkoxysllanes for use in the spinning solution providing process include RSlcOR'fe; 
bo R^SliOR'k; R^iOR 1 ; RR , 5i(OR-) 2 ; and RffFTSIOR"; where R, R\ R' and R"' are IndmduaPy alkyl <l.e. methyl, ethyl, 
isopropyl, butyij or aryl (i.e. phenyl); e.g., methyltriethoxysilene and phenyttriethoxysilsne; or F^SKOR'fe; RaSiOPr, 
whore R is phc-nyl, CF 3 or butyl and R' is es defined above. RgR'SiOSIRgR' and RR , R"SIO&RR*R" where R, R* and R M 
era defined as . ibove can also be used. Use of alkylalkoxysilanea improves me k stability, whilo maintaining low k and 
high modulus. 

Ss [0024] Suitable surfactants for use In the spinning solution providing process include, e.g., Pluronic L121 , 1-123, L31 , 
L01, U01 and P123 (BASF, Inc.), Brij 56 (C^H^OCHgCH^oOH) (ICI), BriJ 58 (C^H^OCHfcCHgfeoOH) (ICI) and 
Surfynols 465 *nd 4BS (Air Products and Chemicals, Inc.). The surfactant can be an ethylene oxide propylene oxide 
(EO-PO) block copolymer or polyoxyethylene alkyl ether. Preferably, the surfactant Is an ethoxylated acetylene dJol, 
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such as the S.rrfynels available 1mm Air Products and Chemicals, InC of Allentown, PA. U is particularly preferred to 
provide surfartants wherein the metal content is less than 20 ppm. Such surfaetantB are available from I CI Surfactants 
(Unlqama) of Wilmington, DE under the trademark Brij. Air Products and Chemicals, Inc. of Allantown. PA under the 
trademark Su. ryn ol and from BASF Corp. Performance Chemicals of ML Olive, NJ under the trademark PlunonJc. 

* [0025] The ginning solution is applied to a substrate (e.g., a Si wafer, sy^ Al, Pt, ate.) and the solution es spun 
on a spin proctor, This rapid motion causes the volatile alcohol to be removed, inducing film formation. As the alcohol 
is removed, th» surfactant concentration increases above tho critical micelle concentration [C^ and an ordered liquid 
crystal phase -s formed fn solution. The silica precursors present form a networfc around the liquid crystal and, es 
hydrolysis and condensation reactions proceed, the network forms a solid thin film. Upon caJcination to remove the 

10 surfactant, tht silica network Is reacted further to form a rigid thin film. 

[0026] By varying process parameters, it is possble to tune the dielectric constant of the film of the invention. Tnls 
Is accomplished by varying the pore size and distribution of the pores In the film. The films of the invention are mes- 
oporous r whicr. is defined for purposes of tnls disclosure to denote pore sizes of less than about 500 A, more preferably 
in tho range oi about 1 3 A to about 500 A, and most preferably 20 A to 50 A. It is preferred that the f llm have pores of 

75 uniform size, i.nd that the pores are homogeneously distributed throughout the fifcn. Films of the invention preferably 
have a porosiiy of about 50% io about 80%, more preferably about 55% to about 75%. 

[O0Z7] The inventors have determined that R is possible to prepare films with varying porosity by manipulating the 
amount and tyj*? of surfactant In a formulation. A minimum level of porosity Is critical to achieve a dielectric constant 
or less than 2M. Also, ii is necessary lo keep Lhe films free from adsorption of wsuar. Water has a dteledric constant 
so of 78.5, so ad&wrption of even small amounts of water will increase the dielectric constant to unacceptably high values. 
Films of the invention have reduced hygroscopterty and increased dielectric stability 

ro028] The present Invention Increases the shelf-life (I.e., the gelation time) of film-forming solutions. This Is a critical 
requirement fo. use of these solutions to form Films, If the solutions ere only viable for a short amount of time, es 
suggested by I >.S. Palont No. 5,858,457 to Brinkcr ot al., which states that the longer tho film-forming solution is agod, 
& the less porouu the films that are formed, the cost of ownership would bo too high to bo employed for the desired 
applications. The gelation time for films of the Invention is at least 24 hours, and more preferably at least 300 hours, 
when stored ai about 22°C. 

[00291 The inventive process employs chemicals that are accepted for use in the electronics Industry, because they 
do not contain contaminants which reduce the efficiency of preparation of integrated circuits. HCI, HBr, H^Q 4 , and 

39 H3PO4 acid cauirysts, cat ionic surfactants and anionic surfactants am preferably avoided, as they contribute undesir- 
able counter-bus to the films of the invention. However, HNO§ is an acceptable acid catalyst presumably due to Its 
innocuous decnmpostlon products. Films of the invention preferably contain contaminating metals in amounts tess 
than 500 parts per million (ppm), preferably less than 1 ppm. more preferably less than 500 part per billion (ppb). Films 
of the invention preferably contain contaminating halldes In amounts less than 1 ppm, preferably lass than 750 ppb, 

as more preferably leas'than 500 ppb. 

[0030] It Is possible to prepare these films in a period of time, typically less than 30 minutes, which Is acceptable to 
achieve reasonable production rates of Integrated circuits. 

[□051] In order to reduce trie dielectric constant, It Is preferable to dehydroxylate (anneal) the dried film. This may 
be done by plat -.mg the substrate in a dry atmosphere with an agent, such as bexamethyldlsilazane (HMDS « see, e. 

40 g., U.S. Patent No. 5,955,140). or by otherwise contacting the substrate under suitable conditions with HMDS. HMDS 
substitutes trimL-thylsiryl groups for much of the water and/or hydroxyls bound to the dried gePs pore surfaces. This 
replacement m; iy be performed at room temperature, or warmer. This replacement can not only remove water and/or 
hydroxyls, t can also render the dried film hydrophobic. 

[0032] The indention will be illustrated in more detail with reference to the following Examples, but It should be un- 

43 derstood that trm present Invention is not deemed to be limited thereto. 

[0033] In The Examples, dielectric constants were determined according to ASTM Standard 0150-98. Rim porosiiy 
was estimated 1 >y the Maxwell model vyjih the film dleiectrlc constant end lhe dielectric constant ol dense silicon oxide 
(4.2). The films were spun on low resistance (0.O1 £2cm) single crystal silicon wafers and calcined to 400*0. After 
calcination, tho Him thickness (d) was measured by a Tencor P-2 prefilometer. The thickness error Is less than 2%. 

50 The capacitance voltage were measured at 1 MHz with a Solotron 1260 frequency analyzer and MSI electronics Hg401 
mercury probe, the errors of the capacitance and the mercury electrode area (A) are less than 1%. Tho substrate 
(wafer) capacft£.ncc (C sl ), background capacitaneo (C^ and total capacitance [Cj) were measured and tno film ea- 
paettance (Cj) i* calculated by Equation (1): 

-* C f = C ri {Or - C b ) / [Crf - <C T - C b )J Equation (1 ). 



11237G3A2 I * 
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The dielectric constant of the film Is calculated by Equation (2): 

e-C^/eoA Equation (2) 

5 

The total error of the deiectric constant is expected to be less than 5%, 

[0034] The film porosity can be measured by spectroscopic eBlpsometry if th ere is "™ T *^™^^^* 
spun on a sh .gle crystal slficon wafer and caicined as in Example 2. The signals were collected by an SE BOO (Sentech 
Instruments UMbH) and calculated by Spectroray software using the Bruggemann model. The th.^nass and percent- 
10 age of air w*.e simulated In the wavelength range from 4Q0nm to 300 nm with mean square error about 1 or less The 
s^nuletad thu*nessos usually were In good agreement with the thickness** measured by profllometer (wahin a few 
percent difference). 

Example 1 : Standard stock solution using HCI as the acid catalyst 

[003S] A s.c*k solution was prepared using HCI as the acid catalyst Into a clean PTFE container were rneasured 
in the following order 61 mlletraethylorthosiBcate (TEOS), 61 ml ethanol (absolute), 5 ml da.onrzed water, and 0.2 ml 
O.07M HCI solution. The container was saated, and placed in a water bath at 60*C for 90 minutes. The solution was 
allowed to cc.ol To room temperature, and was then used to prepare a spinning solution. 

so 

Example 2; Standard spinning solution using 0.07M HCI 

raa361 A si >.nning solution was prepared using the above stock solution, by mixing into a tared polypropylene bottle 
10 ml of the stock solution, 10 ml ethane!, 0.42 ml [(CHpCr^OfeSKCHaMCF^CFd referred to as tndecafluoro- 
ss i t 2 9-teuahydroc)rtyl-1-tHethoxysilane (TFTS), 0.4 ml deionteed water, and 1.0 ml 0.07M HCI. The weight of the 
solution was determined, and Pluronlc L121 (ethylene oxido-propylcnc oxide (EOPO) block copolymer) surfactant 
was added ai 6 wolght percent of thai amount. The resulting solution was sonicated for 20 minutes, and the resulting 
dear color! solution was filtered through a 0.2 micron syringe filter. 

[0037] A th.n film was prepared by depositing 1 .2 mJ of the spinning solution onto a SI wafer, while spinning at 500 
SO ram for 10 seconds, the speed was increased to 3000 mm for 25 seconds. The film was clear and homogeneous across 
the wafer. Oielnmlon to produce the porous silica film was done in a Na purged box furnace, by heabng the film at 
5°C perminuie to 425*0, and holding at 425*C tor 30 minutes. The furnace was allowed to cool to room temperature, 
and the film characteristics were measured using spectroscopic etlipsometry. The resulting film was 0,72 microns th ick, 
with a ref ractve index of 1 ,1 $60. This refractive index relates to a porosity of 55.9%, and suggests a dielectric constant 
as of 2 19 

[0038] ' Examples 1 and 2 are representative of the use of HCI as the acid catalyst and a polyalkyleno oxide blocK 
copolymer as. a surfactant The use of HCI as a catalyst in the preparation of sol get solutions would preclude its use 
In microelecti unic applications. Potential reactions with both metals used to form Integrated circuits as well as barrier 
materiate eouid cause significant reduction in the efficiency of these circuits. It is critical that alternative catalysts be 
40 found, which provide at least equivalent performance In the preparation of the films In terms of porosity and dielectric 
constant. Acceptable candidates are acids that do notcorroda metals commonly employed In microelectronics, such 
as Cu and W. 

[0039] Accordingly, experiments to Identify alternative acid catalysts were carried out with hydrofluoric add {HF), 
acetic acid (HOAc), oxalic add, and formic acid. All were used In both steps of the process to prepare films, with fixed 

4* functional group and surfactant. Banker and Scherer (Brinker and Scherar, Sol-Gel Science, p. 118 (Academic Press, 
Inc , Harcoun Brace Jovanovich Publishers, ig90)) lists the ge/ times and pH forTEOS systems employing different 
acid catalysts Ai constant acid molar amount to TECS, HF gives the snonest gelation tine (12 hours), followed by 
HOAc (72 hours) and then HCI (92 nours). This suggests that at tne same concentration, HF and HOAc should give 
comparable performance lo HCI in this application. However, Examples S-10 (below) demonstrate thai, at equivalent 

so concentration none of the alternate acids showed comparable performance to HCK Therefore, similar tests were con- 
ducted using iM HOAc and concentrated (i.e., 99.7%) HOAc (see Examples 11-14, below ). The results Indicate that 
there is an "induction period- lor the acetic add solutions, but after about four days, comparable results were obtained 
when eompar. d to similar solutions using HCI at 0.07M. Both solutions remain active for at least two weeks at room 
temperature. » cooled boiow room temperature, these solutions are effective beyond tnat period. These results arc 

55 demonstrated tn the shelf-life study, Examples 12 & 14, below. 
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Example 3: Sn»ck solution prepared using 0,07M HF 

[0040] A sto* solution was prepared using HF instead of HCI as the acid catalyst. Into a claan PTFE container were 
measured in If.e following order, 61 ml TEOS, 61 ml ethanol (absolute). 5 ml deronfced water, and 0.2 ml Q.07M HF 
s solution. The container was sealed, and placed in a water bath at 60 6 C for 90 minutes. The solution wee allowed to 
cool to room timperature, and was then used to prepare all of the following spinning solutions. Three different spinning 
solutions wen prepared using this above stock solution, each had a different amount of 0.07M HF. Since HF is a 
weaker acid tlcin HCI in water, the amount was varied in an attempt to compensate for the weaker add, 

10 Example 4; Spanning solution prepared using 1 .0 ml 0.Q7M HF 

[0041 J in a polypropylene (PP) bottle the following were measured in the order given: 10 ml stock solution above, 
1 o ml ethanol, 0.42 ml TFTS, 0.4 ml doionized water, and i .0 ml 0.07 M HF solution. The weight of this solution was 
obtained, and i luronlc L1 21 surf actant was added at 8 weight percent of the solution weight The solution was sonicated 

r5 for 20 minutes m a small ultrasonic bath. The resulting homogeneous, clear solution was filtered through a 0.2 micron 
syringe filter. 1 1 lis solution was tnen spun onto a prime low resistivity 4 inch SI wafer, by dispensing 1 £ ml of the final 
solution onto the center of tno wafer, while spinning aT about 500 rpm for about 10 seconds., and then spun at 3OG0 
rpm for 25 seconds, me Aims were then calcined in a purged box lurnace by heating at 5"C per minute to 425*0, 
holding el lemf /eraiure Tor 30 minuLes and allowing the rumace lo cool lo room temperature. The film was then tested 

20 by measuring I lie refractive index. 

Example 5; O.fl ml 0.07M HF spinning solution 

[0042] This solution was properod using tho stock solution in Example 3. Instead of using 1 .0 ml of 0.07M HF solution 
25 as in Example -1, 0,8 ml wore used. The solution was treated the same as in Example 4. 

Example 6: 1 2 ml 0.07M HF spinning solution 

[0043] This solution was prepared using the stock solution in Example 3. Instead of using 1 .0 ml of 0.07M HF solution 
3o as in Example > i, 1 .2 ml were used. The solution was treated the same as in Example 4. 

Example 7: Sto^k solution prepared using 0.07M acetic add 

[0044] a stoa solution was prepared following Example 1; except using 0.07 M acetic acid in place of HCI to the 
35 process, The s*me amounts of the other reagents were used. 

Example S: Ace lie acid spinning solution 

[0045] Into a tared polypropylene bottle were added In trie following order; 10 ml stock solution prepared In Exampie 
40 7. 1 0 ml ethanol. 0.42 ml TFTS, 0.4 ml deionized water and 1 .2 ml 0.07M HOAc. To that solution, 1 .52 g L1 21 surfactant 
was added. Tta.i weight was 6 weight % of the solution weight. The solution was sonicated for 20 minutes, and the 
resulting clear, Ldloriess solution was filtered through a 0.2 micron syringe filter. 

Example 9: stouK solution prepared using 0.07M formic ado 

49 

[0046] A stock solution was prepared following Example 1 , except using 0.07M formic add In place of HCI in the 
process. The same amounts of ihe other reagents were used. 



Example 10; Formic acid spinning solution 



so 



[0047] Into a t ,.*ed polypropylene bottle were added In the following order: 10 ml stock solution prepared in Example 
9, 1 0 ml ethanol 0.42 ml TFTS, 0.4 ml dclonlzcd water, and 1 .2 mJ 0.07M formic acid. To that solution 1.58 g L121 
surfactant was auded. That weight was 8 weight % of the solution volume. Tho solution was sonicated for 20 minutes, 
and the resulting clear colortess solution was filtered through a 0.2 micron syringe filter. 
55 [0048] All five spinning solutions from Examples 4, 5, B, 8 and 1 0 were used to prepare films on Si wafers In the 
same way. About 1_2 ml of each solution was dispensed separately onto an Individual wafer. The wafer was spun at 
500 rpm for 10 seconds, and then accelerated to 3000 rpm and held for 2S seconds. At the end of the process, the 
wafers were plar.*d in a Ng purged box furnace, and heated at 5°C per minute to 425*C. held for 30 minutes and 
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EP1 123 753 A2 

flawed to cool to room temperature. None of tnese films survived the calclr*tion process, hwm 

t i ados were ineffective in catalyzing the «l Qd reaction atthe concentration and amount used .n the Examples. 

Given the dhia In BrwiKer, one would have expected similar results at the same ronC ^ D "' 

[0049] Tin - solutions were stored in the refrigerator and used to prepare Rime again after different toes After tour 

Says, tne aonic acid and H? catalyzed solutions were able to spin pood films with peer optical quality, but porosft.es 

of about BO?-, white the formic acid catalyzed solution could not. 

SoSO] Exumples 11 and 12 demonstrate the effect of concentration of acetic acid on film crwacteristics. As noted 
above the 0 OTM HOAc and formic acid films were of poor quality Initially. Therefore, the eventration Of the acete 
acid catalyst In both the stock solution and spinninc solutions was varied. Two different concentrate* were used, 
1 .OM and concentrated [99.7%). 

Example 11 1 .OM HOAe stock solution 

[0051] A ...ode solution was prepared following Example 7, replacing the 0.07M HOAc solution with 1.0M HOAc 
solution. AH ..ther reagents were tne same, and the solution was treated as in Example 7. 

Example 12 1-0M HOAfi spinning solution 

[00521 A spinning solution was prepared Following Example 8, except using 1 .0 ml of 1 .0 M HOAc m place oM 2 ml 
of o 07 M NOAC in the process. The same amounts of the other reagents were used. After two days aging at room 
temperature this spinning solution produced films 54% porous and about 02 microns thick. 

Example 13: Concentrated HOAc stock solution. 

[0053] A stock solution was prepared following Example 7. replacing the 0.07M HOAoeolutlon with concentrated 
(99.7%) HOAc All other reagents were the same, and the solution was treated as in Example 7, 

Example 14: Concentrated HOAc spinning solution 

[0054] A spinning solution was prepared following Example 8, except using 1 .0 ml of concentrated (99.7%) HOAc 
m place of 1 .? ml of 0.07 M HOAc In the process. The same amounts of the other reagents were used- After four days 
aging at room temperature, this sol produced films 58% porous and about 0.6 urn thick. 

Example 15; ShefMife study 

[0055] A s<- 1 of experiments designed to study me effect of the age of the spinning solutions was carried out using 
concentrated acetic acid and O.07M HCI to determine if there were any effects due to the use of an organic acid as 
the catalyst Jnr the sol gel reaction. . 
[0056] Two different stock solutions were prepared: (1 ) a first Stock solution with concentrated acetic acid (99.7%) 
and (2) a second stock solution with 0.07M HCI. Spinning solutions were made as stated above using HCI and HOAc 
and were either stored In the refrigerator or at room temperature. Films were spun from the sols every few days. The 
films were th* - n characterized by spectroscopic eDipsometry to determine the mfractive Index, which can be related to 
amount of pciosity and ultimately dielectric constant. Table 1 summarizes the results of the study. 

Table 1 



Acid 


Acetic 


Acetic 


HCI 


HCI 


Stored 


Cold 


Room Temp 


Cold 


Room Temp 






Porosity (%) 






Days Old 


Example 14 


Example 1 4 


Example Z 


Example Z 


1 


40.7 


50.S. 


61.0 


57.4 


2 


48.7 


55.8 


59.9 


5S5 


3 


35.6 


40.3 


52.5 


353 


a 


51.3 


37.5 


54.0 


37.7 
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Table 1 (continued) 



Acid 


Acetic 


Acetic 


HCI 


HCI 


Stored 


Cold 


Room Temp 


Cold 


Room Temp 






Porosity {%) 






Days Old 


Example 14 


Example 14 


Example 2 


Example 2 


10 


56,6 


46.1 


55.4 


49.1 


14 


53.5 


32.0 


60,2 


38.5 


21 


57.9 


48,3 


56.7 


53.6 



15 



SO 



[00S7] The inventors have discovered that ft is possible to prep&re films with varying porosity by manipulating the 
amount and type of surfactant in a formulation. A minimum level of porosity te critical to achieve a dielectric constant 
of leas than 2 X Also, ft is neeeseary to keep the films free from adsorption of water. Water has a dielectric constant 
of 78.5., so adsorption of even smell amounts of wafer will increase the dielectric constant to unacceplabry high values.' 
[0058] It rs possible to predict the dielectric constant of a mixture of ceramic materials and air. Mixtures of ideal 
dielectrics can bethought of as simply layers either parallel or perpendleularto an applied field. Ramos erai., 443 Mat, 
Res. Soc. Symp. Proo. Vol 9\ (1997) presents data for some bulk aerogsl materials which correlate wfth the parallel 
model, and notes the relationship of density (or porosity) to the dierectrlo constant of a material. A complementary 
approach is to use the relationship derived by Maxwell (see Kingery et al. , above), which is based on spherical panicles 
in a matrix. The Inventors havs used the latter to predict the dielectric constant of mesoporous silica films. The porosity 
is obtained via spectroscopic ©lllpsometry, which measures the refractive Index of the film. In specific cases, the meas- 
ured dielectric (constant and the dielectric constant calculated via porosity were compared and matched within exper- 
imental error o» both measurements. Some of the studies report only porosity as a gauge of the dielectric constant. 
[0059] As Ramos et al. points out, ft is important to be able to tune the porosity of films to achieve the appropriate 
dielectric consunt as well as mechanical properties. The ability of the mesoporous firms of The Instant invention to vary 
in porosity is osirable for both extend fcility and ability to meet current integration requirements. 

Example 16: Solutions containing Brij 56 and PTES orTFTS 



40 



45 



[0060] This si udy specifically restricted the choices to nonionic surfactants in order to reduce poienttal contaminants 
such as alkali n leiars and halldes associated wfth the cation le surfactants typtealry used. Block copolymers of ethylene 
oxide and propylene oxide as well as polyoxyethylene ethers were used as surfactants. The amount of surfactant as 
a weight fractkui of the spinnfng solution was examined, in addition, two different functional groups were analyzed. 
The functional groups are monosubstttuted ethoxysilanes, with the general fonmula R-SI^OCH^Hq). In this case, the 
two functional groups (R) studied were phenyl (PTES) and (CHgfetCFgfcCFg (TFTS). 

[0061] A spinning solution was prepared using 1 0 ml of a stock solution prepared in Example 1 , tho stock solution 
was diluted with 1 0 ml othanot, the molar amount of functional group as a percent of tho total silica in tho solution 
indicated In Table 2 was added, elong with .0.4 ml deionizod water, and 1 .0 mf 0.07M HCI. The weight percent of the 
surfactant (m this case Brij 56. (C 16 H 33 (OCH 2 CH 2 ) 10 OH)) as indicated in Table 2 was added to the solution. Each of 
the ten solution* was sonicated for 20 minutes and filtered through a 0.2 micron syringe filter. Each solution was then 
spun onto a Si wtfer, using about 1.2 ml of the spinning solution for a four-inch wrtfer. Spinning speeds and duration 
are comparable io those noted in the above examples. The wafers were then calcined in a box furnace by heating the 
films in N 2 at a r r rte of 5°C per minute to 425 D C and holding for 30 minutes before cooling to room temperature. The 
refractive index lor each film was measured using spectroscopic ellipsomelry and the porosity of each was calculated. 
The percent porvslty value of each film is shown in Table 2. In the case of the film prepared with 5% TFTS and 6% BnJ 
56, the film was i.oated onto a Jow resistivity prime Si wafer and the dielectric constant was measurad using a Hg probe 
a! 1 MHz. The a< :iuai dielectric constant for that film was 4.56 (± 03). At 41 % porosity, the predicted dielectric constant 
using the Maxwrni relation would be 2.6. This difference is likely due to water adsorption, and illustrates the need to 
minimize moistuid adsorption. 



ss 



Tabte2 





4% Brij 56 


6% Brij 56 


8% Brij 56 


10% Brij 56 


12% Brij 56 


20% PTES 




35.1 
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4% Bdj 56 


6% Brij 55 


8% Brij 55 


10% Brij 56 


12% Brij 56 


35% PTES 




34.6 








5%TFTS 




41.9 


49.B 


50.7 


51.2 


20% TTTS 


S3.4 


52.B 


54.6 


52.1 





Example 17. Solutions containing Huronk: P123 and PTES or TFTS 

[0082] Table 3 shows the percent porosity results from this study, which largely corresponded to Example 16 with 
Pluronic PU*:5 substftuted for Brij 56. 

Table 3 





2%P123 


4% P123 


$%P123 


B%P123 


10%P1Z3 


20% PTES 




23.7 




43.5 




35% PTES 












5% TFTS 






42,6 


56.1 


5A.7 


20% TFTS 


49.0 


51.5 


S5.4 


Film failure 





Example 18: Solutions containing Pluronic L121 and PTES or TFTS 

25 [0063] TabJu 4 shows the percent porosity results from this study, which largely corresponded to Example 1 6 with 
Pluronic L12i substituted for Brij 55. 

Table 4 





4% L121 


6%L121 


B%L121 


20% PTES 








35% PTES 








5% TFTS 




59.1 


59.2 


20% TFTS 


52.5 


68* 





[0064] Fig, l shows the results from Examples 16-1 B. The results demonstrate that by varying both tho type and 
amount of sui lactam It Is possibfe to tune the po roslty of the flfrre to achieve the desired dielectric constants for this 
application, end that there is a critical amount above which viable films will not form. This is not impliod or euggoatod 
in the prior an references. 

Example 1 9: I rodicted versus actual measured dielectric constants 

[0065] A set <es of fitms were prepared on low resistivity, prime Si wafers and their dielectric constants measured by 
Hg probe, wltn minimal exposure to the ambient atmosphere. Table 5 compares the measured dielectric constant 
values with tho values calculated based on the films' porosity estimated from the refractive index measured by spec- 
troscopic ellipseroeny. 

Table 5 



Rim 


Void Fraction 


Measured k 


Predicted k Maxwell 


5% TFTS / 0% Bn] 56 


0.471 


2.45 


2.46 


5% TFTS/ 6% P123 


0,430 


2.46 


2.43 


5% PTMS/B%P123 


0.290 


2.93 


3.07 


5%TFTS/fi%P123 


0.498 


2.31 


2.37 
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TobloS (continued) 



Film 


Void Fraction 


Measured k 


Predicted < Maxwell 


5%TFTS/6%L121 


0.507 


2.19 


2.35 



[00S6] Ttie correspondence for the predicted k value using the Maxwell equation and the actual measured dielectric 
value are wltfnn the experimental errors associated with both techniques. This example demonstrates the validity of 
using porosity m the film determined by spectroscopic ellipsometry to predict the dielectric constant. 

Example 20: fore size determination 

I0057J Using a spinning solution as descrtoed in Example 2, a thin film was formed on a Surface Acoustic Wave 
(SAW) device is described in U.S. Patent No. 5,858,457. and also on a single crystal Si wafer. The films were treated 
In a similar manner as In Example 2. A nitrogen adsorption isotherm was measured on the film coated on the SAW 
device. From this data, a pore size distribution was Obtained, as is described by Glaves et ah, 5 Langmuir 459-66 
(1989). The pore Size distribution is shown in Rg, 2. 

[0068] The rj.electrte constant was measured as discussed in Example 16, it was found to be 2-17, which is very 
comparable to ihe dielectric constant that would be calculated using the Maxwell equation (2.19). 

Example 21: &mdy of films prepared using acetic acid as the acid catftryet and methyrtriethoxysilane (MTES) as the 
functional group 

[Q069] A stork solution was prepared as in Example 1 3, with concentrated acetic acid. One hundred ml of this solution 
was dfluted whn 100 ml absolute ethanol. To this 22 ml of MTES, 4.0 m! of deioni2ed H^O, and 1 0 ml of concentrated 
HOac acid weir- added. This solution was used to prepare 20 different spinning solutions using Ave different surfactants 
at various conrontrattons as Indicated in Table 6. Pluronic Fi27 Is available from BASF. 



Table 6 



• so 



Solution Number 


Surfactant 


Weight percent in formulation 


1 


L121 


4% 


2 


L121 


6% 


3 


L121 


B% 


4 


L121 


10% 


5 


P123 


4% 


6 


P123 


6^ 


7 


P123 


8% 


8 


P123 


10% 


a 


BrijS* 


4% 


10 


BriJ58 


6% 


11 


Brij58 


8% 


12 


BrlJSd 


10% 


13 


Brjj56 


4% 


14 | 


BrOSB 


6% 


15 


BriJSS 


B% ! 


16 


Brij56 


10% 


17 


Ft 27 


4% 


18 


F127 


6% 


19 


F127 


8% 



10 



PAGE 2$/49 4 RCVD AT 3/8/2006 5:35:16 PM [Eastern Standard Time] » SVR:USPTO-EFXRF-1/20* DMS:2738300 * CSID:4048817777 4 DURATION (mm-ss):15-30 



Mar-08-2006 05:46pm Frora-ALSTON AND BIRO 



10 



15 



20 



35 



45 



4048817777 
EP1 123 753 A2 

Tabic 6 (continued) 
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Solution Number 


Surfactant 


Weight percent in tormulation 


20 


F127 


10% 



rooTO] Afte- the spinning solutions had aged for 5 days at ambient temperature, films wero prepared on Si wafere 
end on SAW .levices under tho following *P\™™* conditions. The solution was dispense ' ^ <T*^£* " 
500 n^.mewaferwas spun at S<» ram for/seconds, andthewafer*^^ 

The films wet .■ calcined as in the above examples, end spectroseoplcellipeometry was usedtodeteitwne the refractive 
indeit and f ih i thickness. The data for these films ftre summarised in Table 7. 



Number 


Median Pore Size (A) - SAW 


Rl 


Percent Porosity (EWpsometry) 


Thlcknefis(nm) 


1 


- 


1.235 


48.3% 


37D 


2 


97 


1.187 


58.5% 


450 • 


3 


! 40 


1.173 


61.4% 


450 


4 


44 


1,166 


63.0% 


450 


5 


- 


1.248 


46.0% 


370 


6 


37 


1.174 




460 


7 




1.195 


56.6% 


517 


0 




1.372 


20.1 % 


333 


9 




1.277 


39.7% 


275 


10 




1.236 


4B.2% 


293 


11 




1.226 


50.4% 


2S8 


12 


40 


1.219 


52.0% 


310 


13 




1.249 


45.6% 


273 


14 




1.237 


48.1 % 


276 


15 




1.234 


48.7% 


258 


16 




1-22B 


50.0% 


273 


17* 










18' 










19* 










20- 











* m poor t*n qurity, como cradfag fWOccd. 



[0071 ] This audy shows thet the Piuronlc F1 27 is not an effective surfactant at the concentrations tested. In tho case 
of both Brij bui lactams, the amount ol porosity was insufficient to givB a tew dielectrfc constant film. The PI 23 surfactant 
did yield a film above 60% porosity at 8 weight % in the formulation; At higher levels. It appeared to be Ineffective. It 
is interesting H .at there appears to be an optimal surfactant level for this particular surfactant 

Example 22: E rfect of porosity using different alcohols 

[0072] A etc** solution was prepared by combining the following in a clean FEP bottle; si ml of TEOS, 61 ml of 
isopropyl alcohol (IPA), 5.2 mJ deionfced H^O, and 0.2 ml of concentrated HO Ac. This dear mixture was heated in a 
Water bath at no ft C for SO minutes. The stock solution was allowed to cool and used to prepare the spinning solutions 
used In the following examples. 



11 
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Example 23: spinning solution with only JPA 

[0073] In a .;lean polypropylene bottle, 10 ml of the stock solution from Example 22, 10 ml IPA, 0.22 ml MTES, 1 A 
ml H20. and 1 0 ml concentrated HOAc were added. To this clear, colorless solution was added 1 .58g L121 surfactant 
5 This amount ^-presents about 8% by weight of the total amount of spinning solution. This amount was fixed so that a 
direct comparison could be made with different alcohols having different molecular weights and higher boiling points 
than Bthanol. f'he solution was sonicated and filtered as noted in the above examples. 

[0074] This solution was spun onto a single crystal SI wafer and a SAW devi ce uslno, the procedure from Example 
21 . The films were calcined according to Example 2, and the dielectric constant by Hg probe as weU as the refractive 
io Index using el nosometry were measured. A N fi adsorption and desorption Isotherm was obtained on the film spun on 
the SAW devir e. These data are summarized in Table 8 alon9 with the data for Examples 24 and 25. 

Example 24: h obutanol used to prepare the spinning solution 

is [0075] This i.-xample is similar to Example 23, but uses isobutanol instead of IRA to dilute ma stock solution. 

Example 25: "lort-butanol (t-buianol) used to prepare the spinning solution 

[0076] This example is similar lo Example 24, but uses l-bulanof Instead of isobuLanol to dilute Ihe slock solution. 

ZQ 

Example 26: Wafer post treatment 

[0D77] Ab noied above, it is important to control the amount of water adsorbed into the pores of the film, since water 
has a largo dielectric constant, ft is Ifcoly that the presence of surface hydroxyl groups load to moisture adsorption. It 

as is well known that there are many possible ways to read these and render a surface hydrophobic. In the above exam- 
ples, the use ol a monofu national triethoxysilane (e.g., TFTS> PTES, andAw MTES) to yield a surface function group 
reduces the dielectric constant. It may be necessary to further remove or react additional surface hydroxyl groups, 
There are man^ potential routes to do this (see, e.g., Impens et al„ Microporous and Mesoporous Materials, 1999, 28, 
217-232). The <nventors examined the use of a sllylatlng reagent, hexftmethykfisila7ane (HMDS). 

30 [0078] Rims nrepared according to Examples 23 and 24 were removed from the box furnace after calcination and 
placed In a pein dish. Neat HMDS was dispensed onto the surface of the film with a syringe. The petrl dish was then 
covered and tru.- film was allowed to sit in contact with the HMDS for several minutes. The excess HMDS was drained 
from the surface of the wafer and the wafer was placed on a hotplate at about 350'C for one minute. Properties of the 
films were then i ested using the Hg probe to measure dielectric constant and the spectroscopic ellipsometerto measure 

33 the refractive liidex. The results are shown In Table 3. 



Table 8 



40 


Number 


Alcohol 


Days old 


HMDS 


Median 
Pore Size 
(A) -SAW 


K 


PI 


Percent 
Poroslly 
(Blipsometry) 


Thickness 
(nm) 




23 


isftpropanol 


5 


No 






1.093 


78.8% 


690 




24 


tsnbutanoi 


5 


No 






1.147 


67.0% 


615 


45 


25 


t outanol 


5 


No 






1.133 


70.0% 


328 




23 


iw«propano| 


7 


No 


56 


2.70 


1.1*44 


67,6% 


705 (675) 




24 


isubutanol 


7 


No 


69 


2.63 


1.155 


65.2% 


651 (626) 




25 


t rwtanol 


7 


No 


88 




1.137 


69.1% 


373 




2B-1 


Isopropanol 


7 


Yes 




2.12 


1.1-62 


65.9% 


709 (645) 




26-1 


fscbutanoi 


7 


Yes 




2.08 


1.168 


62.6% 


653(619) 



[0D79J The vaiues of Table 8 in parentheses are thicknesses as measured by profilometry using e Teneor for com- 
5$ parison to the thicknesses calculated from the ellipsometry measurement. This study clearly shows thai an all IPA 
solution with HMDS treatment or a film prepared with an IPA stock solution and Isobutanol would be effective for 
producing a low ^electric constant film. 
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Example 27: X-ray diffraction data 



[0080] The low dielectric constant property of mesoporous silica films results from high porosity associated with 
empty meso^ee. The pore geometry and spatial arrangement of mesopores In the amorphous silica matrices can 
s be remarkably periodic, but also may appear Dc-ray amorphousQIn materials with no long range spatial pore ordenng. 
Although these materials may exhibit Isotropic bulk properties in powder form, their mechanical and electrical properties 
may be anisotropic in highly textured <Le M single crystal) thin films because of the geometry and orientation of the pore 
system relative to the Si wafer surface. 

[0081] X-ray diffraction Techniques provide one of the best methods to structurally characterize these matenals. In 
10 contrast to TE M images, x-ray data can be obtained nondcstrucuVely from the wafer without sample preparation, and 
averages over mfllimeter areas as opposed to nanometers. 

[0082] Mesoporous silicas were initially prepared as powders and x-ray powder diffraction techniques were instru- 
mental In detnmining the structural nature of these materials and in routine phase Identification. Beck et aL D\ now 
family of metuporous molecular sieves prepared with liquid crystal templates.D 114 J.Am, Cham. Soc. IOB34- 43 

is (1992). The powder diffraction analysis ol these materials requires data collection at relatively low diffraction angles 
(0.5 P -2,0* 2») uocause of the relatively large spaclngs (20-1 00 A) associated with the primary lattice translations. While 
not terribly difficult on a modem powder dfffractometer, these measurements do require careful low-angle Instrument 
alignment anu sample preparation. However, analyzing thin films of these materials on water substrates presents 
serious challenges for conventional x-ray powder diffractomelers. Our early experiments revealed large changes In 

20 diffracted intensity due io minor changes in wafer orientation. Subsequent studies with area detectors confirmed that 
these Intensity changes resulted from highly textured films. Some films were more like single crystals than randomly 
oriented proctors. 

[0083] Another problem b related to wafer size. Conventional powder dlffractometere cannot accommodate large 
(e.g., 6 Inch or 8 Inch) diameter wafers. Thcso problems led us to evaluate additional x-ray techniques and instrumen- 
ts ration, including area detector systems and grazing incldonco x*ray reflectivity (GlXR)- See, e.g., Bowen et eJ„ Nan- 
otechnology, 1393, 4, 175-182. 

[0084] Diffraction instrumentation with a high-resolution sample stage and area detector instead of a Cbne-dlmen- 
slonaO 5*antiliMtlon counter offers significant advantages for analyzing textured materials. Instead of recording only a 
small segmenr of a diffraction ring, an area detector can record the complete ring in transmission mode and one half 
30 of the rind. In inflection mode. This is sufficient to dated some single crystal reflections and low resolution specular 
and diffuse greying incidence x-ray reflection data. Grazing incidence analyzes x-rays reflected at low angles from the 
sample surfacr. Unlike conventional diffraction techniques, GlXR is sensitive to the electron density distribution in the 
top micron laynre of the surface and is independent of crystallinity or physical state. 

[0085] High- resolution GlXR data was obtained on a Bede D1 diffraction system with a high-resolution five-axis 
3S sample stage, a SI (220) incident beam monochromator, a scintillation detector and CuKa radiation. GlXR data was 
collected in e-?d mode from 25 arc seconds to 2500 arc seconds. Figs. 3 and 4 show representative GlXR data for 
films prepared riccording to Examples 2 and 14, respectively. 

[0086] Fig. S plots intensity verses angle in arc seconds. This diffraction pattern is consistent with a film that is about 
5000A thick and has approximately 47% of the density of bulk silica. This Is consistent with the ellipsometry data shown 
4r) in example 2. The plot shows only reflectivity of the x-ray beam. There Is no indication of Bragg diffraction In this 
angular range. This result indicates that although the pores present in the film are of uniform size (as show In Figure 
2, Pore size dfearlbutJon from SAW data), the degree of order Is not on a long enough length scale to diffract the Incident 
x-rays. 

[0087] Fig. 4 shows the GlXR data for a film prepared according to Example 14. This fikn is very different than the 
45 film produced in Example 2. In this case, the sample shows no fringes, but also no appreciable density gradients (I.e.. 
the film is rsom*plc). There Is a Bragg diffraction peak at about i860 arc seconds (1 .04° 28). This relates to about a 
85A pore center to pore center distance. AlLhough the Him does show Bragg diffraction, it Is outside the range observed 
by Brinker et »i. in U.S. Patent No. 5,858,457. 

so Example 2B: Ui if unctionaleed films usiig concentrated HOAc 

[0088] A spinning solution was mado using 20 ml of stock solution prepared according to Example 13, 20 ml of 
absolute ethanM, 0.5 ml TCOS (In place of any fu nationalized triethoxysilane), 0.8 ml daionized water, and 2.0 ml of 
concentrated a- otic acid. To this dear and colorless solution was added 3.00g of L121 surfactant, accounting for 8 
55 weight ~ of trw- spinning solution. The solution was filtered through a 0.2 micrometer syringe filter, and split Into two 
equal lots. One lot was placed in a water bath at 7Q°C for 3 hours. The heating was done to see If It could be used to 
reduce the Induction period seen wfrh acetic acid containing solutions. The other tot was allowed to stand at room 
temperature. 
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[0089] Botl, solutions were spun onto single crystalline SI wafers m Accordance with tha procedure described in 
Example 20. me films were Treated as those of Example 20. Characterization data are ehown In Table 9. along with 
comparative Hats from Example 29. • 

5 Example 29: unfunctionalized films using 0.07M HCI . 

[00901 This is a comparative example to Example 28, using a stock solution Ilka that in Example 1, and replacing 
the concentrHed HOAc In Example 2S with 0.07M HCf. This solution was difficult to fitter through a 0.2 micrometer 
syringe filter, *o a 1 .0 micrometer After was used. Trie solution was spirt into two lots, and treated as in Example 28. 
io The charactei ization data are shown in Table 9. 



. Table 9 



IS 



20 



£5 



30 



Number 


Days old 


Rl 


Percent Porosity 


Thickness (nm) 


HO Ac heated 


0 


1.2112 


52.6 


140 


HOAc room temp. 


0 


1569$ 


40.2 


33.3 


HCI heated 


0 


1.1995 


55.1 


770 


HCI room temp. 


0 








HOAc heated 


1 


1.1817 


58.9 


193 


HOAc room temp. 


1 


1.2102 


52.8 


98.0 


HCI heated 


1 


1.1924 


56.8 


726 


HCI room temp. 


1 


1,1692 


61.6 


792 


HOAc heated 


7 


1.1566 


64.3 


489 • 


HOAc room temp. 


7 


1.1589 


63.8 


431 


HCI heated 


7 


1,1919 


56.7 


717 


HCl room temp. 


7 


1.1844 


58.3 


729 



[0091] This i.iudy shows that the heating Is somewhat effective in speeding up the aging process. The Initial films 
for the acetic iidd (both heated and room temperature) are very thin. Variation of the spinning conditions would be 
necessary to get films of useable thickness. After seven days, it appears that the porosity and thiCKnesfi for Doth of the 
[Opgz] HOAc films are comparable and would still yield usefuf low dielectric constant fflms, but the HCI fifrns appear 
to be getting ro^re dense. This demonstrates the potential to use heating of the soiuttons with weaicer acids » reduce 
the tengm oTtn« ■ induction parted required to yield useful films. 



Example 30: S^ick solution prepared using 0.1 oM oxalic arid. 

£0093] A stock solution was prepared following Example 1 , except using 0. 1 0 M oxalic acid in place of HCI in the 
process. The s< <mc amounts of the other reagents were used. 



4ff Example 31 : Oxalic acid spinning solution. 

[0094] Into a iared porypropyJene bottle were added In trie following order: 1 0 ml stock solution prepared in Example 
30, 10 ml ethanol, 0.22 ml IvTTES, 0.4 ml delonbed water, 1.0 ml 0.10M oxalic acid. To thai solution 1.51 g L 121 
surfactant was ndded. Thai weight was 8 weight % of the solution weight. The solution was sonicated for 20 minutes, 
40 and the resulting ctear, colorless solution was filtered through b 0.2 micron syringe fDter. 

[0095J This solution was spun onto single crystalline SI wafers by depositing 1 .2 ml of the spinning solution onto a 
wafer while spin i »lng at 500 rpm for 7 seconds. The speed was then ramped up to 1 200 rpm for 40 seconefc. Calcination 
of the films was carried out as described In Example 2, The resulting nims were characterized by spec*mseopfc eilip- 
sometry. Result-, are shown In Table 10. 
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Table 10 



10 



75 



so 



30 



40 



Age of Oxalic Acid Sol (days) 


Rl 


Percent Porosity 


Thickna&s (nm) 


2 


1.3894 


16.6 


430 


3 


1.1 BBO 


62.5 


800 


4 


1.1731 


61.4 


B11 


7 


1.1950 


56.6 


S26 


e 


1.2026 


55.2 


710 


14 


1.2040 


54,9 


777 



IO096] Ther.e results are comparable to those results for concentrated HOAc shown In Example 28 and "table 9, and 
demonstrate mat the stronger oxalic add more readily catalyzes tho sol-gel reaction than acetic acid. This is expected 
for other strong carfaoxylic acids which could Include glycol* and ojyoxalic acid among others. 

Example 32: Gthoxytated acetylenic dicrt surfactants. 

[0097] Tne preparation or ihe spinning solulion requires a slock solution, containing mainly the silica, elhanol, and 
water, an aeiu ethanol, water, and a surfactant, The stock solution Is prepared by mixing 26.3 g TEOS, 24.0 g ethanol, 
2.S3 g of wainr. and 0.11 g of 0.07 M HCI r heating the solution to 60°C for 90 minutes, and allowing the solution to 
cool back to «oom temperature before use, 

[0O93] The spinning solution requires 8.8 g of the stock solution prepared above, 12.5 g ethanol, 0.4 9 water, 1 g 
0.07 M HCI, urni 2 g of surfactant, Surfynol 465 and Surfynol 485. The solution te then sonicated for 20 minutes and 
filtered tnrouj jn a 0.2 micron Acrodisc The solution are then dispensed onto wafers and spun to dryness. After the 
wafers are pi. tpared the surfactant is removed using thermal decomposition at 42S«C In N 2 . The results from these 
solution for both the Surfynol 465 and Surfynol 485 are shown In Table 11 , 



Tsbte 11 



Surfynol 465 

Day 


thickness (nm) 


porosity (%) 


Rl 


Spinning 
Parameter? 


0 


516 


55.6 


1.1924 


1200 rpm, ctossd 


1 


552 


57.8 


1..186B 


1200 rpm, closed 


6 


479 


55.7 


1.19SB 


1B00 rpm, open 


n 


389 


55,0 


1.1993 


1B00 rpm. open 


24 


473 


58J 


1.1826 


1B0O rpm, open 



Day 


thickness (nm) 


porosity (%) 


Rl 


Spinning 
Parameters 


0 


516 


53.6 


1.1924 


1200 rpm, closed 


1 . 


596 


61.0 


1,1719 


1200 rpm, closed 


6 


.502 


55.1 


1.1994 


1800 rpm, open 


11 


425 


54.3 


1,2031 


180D rpm, open 


24 


512 


56.7 


1.1919 


1800 rpm, open 



55 



Example 33: L< .wor concentrations of cthoxyfatod acotylonic diols. 

[0099] This f-xample shows the effects of towering the surfactant concentration on the fBm properties. The same 
procedure as r xample 32 was used except that th e amount of Surfynol 46S was decreased from the original 8 wt% 
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{2.0 g) in the lormulation to 4% (1 .0 g) and 2% (03 g). AlJ of wafers were spun In *n open bowl configuration at 1 BOO 
r.pm. for 20 s.-^conds and then calctoec: at 425°C in N 2 to remove the surfactant Results are In Table 12. below. 



Table 12 



Weight % Surfynot 465 


thickness (nm) 


porosity (%) 


Rf 


8 


434 


57.7 


1.1072 


4 


35B 


35.8 


1.2906 


2 


291 


14.$ 


1.3907 



10 

Example 34: i (hoxylated aceiylenic dlols and OxaBc acid. 

[01 00] This t-xample shows ttie use of oxalic acid In place of the HCI. The preparation replaces the 0,07 M HCI in 
the spinning solution and stock solution with 0.1 M oxalic acid using the same weighed amounts of each reagent The 
» solutions are i nixed, sonicated, and filtered through a 0.2 micron Aerodisc before being spun onto a wafer. The wafers 
were spun in .*n open bowl configuration at 1600 r.p.rru for 20 seconds to remove excess solution and solvent and 
then calcined .it 425°C in N2 to remove the surfactant from the film. Results are reported in Table 13, below. 



Table 13 



20 


Surfactant 


thickness (nm) 


porosity (%) 


R[ 




Surfynol 465 


403 


51.4 


1.2167 




Surfynol 4BS 


405 


57.7 


1.1 B72 



25 Example 35; Purity analysis of Surfactants, 

[0101] This example shows the purity of the sterling surfactant before any additional purification is attempted. The 
Surfynol is clearly much tower in those metals that have been screened for then many other commercially available 
surfactants as .shown below. By having these metals low in the initial material, the clean-up to the electronic grace 
30 should be mucn easier, i.e. < 20 ppto. Analysis results are reported In Table 14, Triton X-114 Is available trom Union 
Carbide Corpoiatlon of Charleston. WV. 



Table 14 



3? 



Surfactant 


ppmNa 


ppm K 


Thton X-114 


427.6 


1.0 


BASF L121 


2,6 


483.1 


BASF L101 


054 


1.9 


Surfynol 465 


0.18 


0.81 


Surfynol 405 


0.19 


0.B5 



Example 36: Pure el2© determination. 

[0102] This example shows the pore sizes of the resulting films using the Surfynol surfactants from the preparations 
45 In the first example after calcination. The following Table 1 5 shows that the Surfynols give much smaller pore sizes, 
as measured ui.mg the SAW technique, than the block co-polymers, yet still have the porosity and refractive Index 
similar to the mosoporous films. 



Table 15 



Surfactant 


Median Pore Diameter (A) 


Average Pore Diameter (A) 


BASF L121 


50 


43 


BASF L101 


41 


37 


Surfynol 4£5 


20 - 


29 


Surfynol 4as 


28 


29 
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Example 37: Tffect of methyltricthoxysilnne (MTES) And purified Triton X-114 surfactant amounts in formulation on 
dielectric constant (k), k stability and mechanical properties 

[0103] A series of solutions were prepared where the amounts of methyltriethoxysilane (MTES) and purified Triton 
5 x-114 surf act,, nt were varied to determine an optimum combination of low dielectric constant (k), k stability (using an 
85°C / 85% n.-iatrve humidity (85/65) test after 2 hours), end high modulus. 

[0104] The rotations were prepared using as a baste the following formulation. Tfcls formulation is described as a 
50% MTES / : •% surfactant f ormulailon as 50 weight % of the silica source is MTES and the surfactant Is added at 5 
weight % of the total formulation weight. 



Table 16 





basis 


Chemical 


[grams] 


TEOS 


22.500 


MTES 


22.500 


Bhanol 


135.525 


D| Water 


8.255 


TMAH f2.4weight%) 


7.370 


0.1 N KNO, 


40.000 


Surfactant 


11.800 


Total 


£42.950 



Table 17. Results for films prepared varying MTES and surfactant level. 



N a noindefitstion 
results 



% MTES % 5urfac^ntrrhicJcn2s^RBfractlv€|K initial k after 2 

Index I pours 
5/B5 



W0 



|%k 



Modulus Hardnes 



increase (GPa) s 



343 H.2Q5 



14343; 
15169 



L4B 



-63 



|S.p%_ 



3.82 



(SPa) 



0.462 



40 



4CL 
50_ 
50_ 
50_ 
B0_ 
50_ 
50 



15169 
\4412 



4 11.200 BJZ5- 12.36 ft.9% 



2,74 



|0. 343 



11,180 g.11 12,21 



K.7% 



1.98 



p.266 



4D 



JfL 



2.29 



|4749 



.54 



|1 .206 
fr.180 



B/15 



I Z35 
l2~2T" 



12.696 



3.17 



0.416 



2.41 



0-33O 



|483cL 
5334 



1.217 g,24 
1,207' kll 
1,184 |2.01 



pL09 



L0% 



1.94 



0.302 



.29 
L15 
1.05 



^2% 
|2,P% 



2.70 P.492 



2.10 



P-301 



,69 D-2BB 



[0105] All films were spun onto 8* wafers and processed using the same anneal process (air cure at 90, T 80 and 
400*0 for 1 .5, i 5 and 3 minutes, respectively). The films were further thermally processed at 425° C for 6 minutes In 

SO a reduced pressure of N2. 

[0106] . This rudy etearl/ shows there Is a tradeoff between the mechanical and dielectric stability of the films. This 
can be balance J by working at low surfactant and a modest amount of MTES. In this study, tho optimal mixture is the 
S0% MTES/4 % surfactant formulation. This gave the lowest k f beet k stability, with the highest modulus. The advantage 
is that no subsequent treatments are required to achieve dielectric stability. This simplifies the process neod to prepare 

55 the film for diolr-ctric applications. 

[0107] Whfle (he invention has been described in detail and with reference to specific examples thereof, It will be 
apparent to one- skilled in the art that various changes and modifications can be made therein without departing from 
the spWt and scupe thereof. 
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Claims 

1 . A procea. for producing a ceramic film on a substrate, said process comprising: 

5 preptif ing a film-forming fluid comprising a ceramic precursor, a catalyst, a surfactant and solvents); 

deporting said filrivfomilno, fluid on said substrate; and 

removing said sorvent(s) from said film-forming fluid on said substrate to produce said ceramic film on said 
substiate, 

to wherein s..kJ ceramio film has a dielectric constant below 2J, and a metal content oJ less than 500 ppm. 

2. The method of claim 1 , wherein said dielectric constant is from 2.2 to 1 .3. 

3. Tne method of claim 1 , wherein said halide content Is less than 1 ppm. 

4. The method of claim 3, wherein said halide content is less than 500 ppb and said metal content is lees than 1 ppm. 
s. The method of claim 1 , wherein said meial content Is less than t ppm. 

20 6. The metht-'S of claim 1 , wherein said metal content is less than 1 00 ppb. 

7, The meihcuJ of claim 1 , wherein said ceramic precursor is selected from the gnoup consisting of tetraethoxysilane, 
tetramethoKysflane, titanium (IV) Isopropoxide, titanium (IV) mcthoxide and aluminum sec-butoxWe. 

23 8. The method of claim 1 , wherein said ceramic precursor is an alky lalkoxysl lane, which provides Improvad k stability, 
maintains low k value and maintains high modulus. 

9. The method of claim 1 , wherein said cataryst Is an organic add and said film-forming fluid is free of HCl, HBr. 
HgSO^ anri HqPO a acid catBlysts. 

30 

10. The method of claim 1, wherein said catalyst Is selected from the group consisting of acetic acid, formic acid, 
glycofic acid, giyoxylle acid, oxalic acid and HNO,. 

11- The method of claim 1, wherein said surfactant is nonionie and said film-forming fluid is free of ionic surfactants. 

12. The method of claim 1, wherein said surfactant is a block copolymer of ethylene oxide and propylene oxide. 

13. The methou of daim 1 , wherein said surfactant Is selected from me group consisting of block copolymers of ethylene 
oxide and propylene oxide and polyoxyethylene alkyl ethers, 

4a 

14. The method of daim 1, wherein said surfactant is an ethoxylaied acetytenb dlol. 

15. The methor' of daim 1 , wherein said surfactant is an octylphenol ethoxylates. 

45 16. The method of daim 1 , wherein said solvent Is selected from the group consisting of methanol, teopropanoi, isob- 
utanol, ethanol and n-buianol. 

1 7. The methoc of daim 1 , wherein sard solvent removing comprises spinning said substrate and calcining said ceramic 
film on said .substrate. 

so 

18. The method of daim 1 , wherein said film-forming fluid is a sol having a gelation tfme of at least 300 houre. 

19. The method of daim 1 , wherein said ceramic film has a porosity of about 50% to about 85%. 
55 20. A ceramic fjirn produced by the process of daim 1 . 

21. The ceramic film of claim 20, wherein said dielectric constant is from 2.2 to 1 3 
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22. Trie eer;.mic film of claim 20, wherein said hnJide content is less than 500 ppb. 

23. Tho ceramic film of claim 20, wherein said metal content is less than 1 pom. 

■ 5 24. The cer*rnlc film of claim 20, wherein said metal content Is less than 1 00 ppb. 

25. The ceramic film of claim 20, having a porosity of about 50% to about 80%. 

26. The ceramic film of claim 20, having a porosity of about 55% to about 75%. 



70 



so 



25 



40 



27. The cera. nic him of claim 20, wherein said film includes pores sufficiently ordered In a plane of the substrate that 
. an X-ray diffraction pattern of said film shows a Bragg dlff faction at a d spacing greater than about 44 A. 

28. The ceramic fRm of claim 20, wherein said film does not include pores sufficiently ordered In a plane of the substrate 
such thai an x-ray diffraction pattern of said film shows a Bragg diffraction. 

29. A ceramw: film produced by the process of claim 1 wherein said ceramic precursor is an ailcylalKOxyeliane, which 
provides improved K stability, maintains low K value and maintains high modulus. 
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FIG.2 
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FIG, 3 



10 



r 



I 



Exp. Dato 



1 r I i 1 1 S I. ' 



Model Data 




1 ' 1 T | ' f | I I > I I I 1 I T 1 I I t I 1 I ' I 



250 50Q 750 



1000 1250 1500 



1 750 2000 



Seconds- 



22 

■eODCSQ- cEP 1TJ37S3A3 t > 



PAGE 3«49 * RCVD AT 3I»2006 5:35:16 PM [Eastern Standard Time] * SVR:USPTOEFXRF-1/20 * DWS:2738300 * CSID:40«817777 1 DURATION (mm-ss):1 5^30 



Mar-08-2006 05:49pm From-ALSTON AND BIRD 4048817777 T-215 PC039/048 F-034 

EP 1 123 753 A2 




23 

MSDOCtOt cEP 11237E3A3 | » 



PAGE 39^49 1 RCVD AT 3/8/2006 5:35:16 PM pastern Standard Time) 1 SVR: USPTO£FXRF-1/20 1 DWS:2738300 1 CSID:4048817777 1 DURATION (mm-ss):15-30 



This Page is Inserted by IFW Indexing and Scanning 
Operations and is not part of the Official Record 

BEST AVAILABLE IMAGES 

Defective images within this document are accurate representations of the original 
documents submitted by the applicant. 

Defects in the images include but are not limited to the items checked: 

□ BLACK BORDERS 

□ IMAGE CUT OFF AT TOP, BOTTOM OR SIDES 

□ FADED TEXT OR DRAWING 

□ BLURRED OR ILLEGIBLE TEXT OR DRAWING 

□ SKEWED/SLANTED IMAGES 

^3_COLOR OR BLACK AND WHITE PHOTOGRAPHS 

□ GRAY SCALE DOCUMENTS 

LINES OR MARKS ON ORIGINAL DOCUMENT 
N^REFERENCE(S) OR EXHIBIT(S) SUBMITTED ARE POOR QUALITY 

□ OTHER: 

IMAGES ARE BEST AVAILABLE COPY. 
As rescanning these documents will not correct the image 
problems checked, please do not report these problems to 
the IFW Image Problem Mailbox. 



